INTRODUCTION
============

A cruciform is a structure based on a DNA inverted repeat, and characterized by the presence of a four-way junction in which two of the branches are hairpin structures formed on each strand of the inverted repeat ([Figure 1](#F1){ref-type="fig"}A). The bases located between the inverted repeats do not self-pair and instead form the apical loops of the hairpins. Although the four-way junction and the apical loops render the cruciform less stable than B-form DNA, negative DNA supercoiling has long been known to stabilize cruciform structures ([@B1; @B2; @B3; @B4]). Figure 1.Single-molecule detection of cruciform extrusion. (**A**) Sketch of the experiment. A single DNA molecule containing an inverted repeat is tethered at one end to a glass surface and at the other end to a magnetic bead. A pair of magnets serves to control the vertical extending force, *F*, applied to the DNA and the number of rotations, *n*, imposed on the bead and hence the DNA supercoiling. The DNA end-to-end extension, *l*, is determined by measuring the position of the bead above the surface in real-time by computer-aided videomicroscopy. When the inverted repeat extrudes into a cruciform, unwinding of B-DNA titrates out negative supercoils and an increase, *Δl*, in DNA extension is observed. (**B**) Real-time data showing abrupt, reversible, changes in extension for Charomid 9-5 kb DNA (*F* ∼ 0.45 pN, *n* = −16 turns). Green points correspond to real-time data acquisition (60 Hz) while red points correspond to raw signal averaged over ∼1 s. Both structural (*Δl*) and kinetic (*T*~wait~ and *T*~cruciform~) features of the reaction can be obtained from these time-traces. (**C**) Histogram of transition amplitudes. The dashed line indicates the mean \<*Δl*\> = 241 ± 3 nm (*n* = 74 points). (**D**) Histograms of T~wait~ (blue) and T~cruciform~ (red) and single-exponential fits to data. Mean lifetimes are \<T~wait~\> = 20.2 ± 1.2 s (*n* = 490 events) and \<T~cruciform~\> = 13.5 ± 0.9 s (*n* = 489 events).

From the experimental standpoint, cruciform DNA has been extensively studied *in vitro* over the course of the past decades ([@B5]) using for instance gel-shift analysis of supercoiled inverted repeats to determine the equilibrium, and even the interconversion rates, between the B-DNA and extruded cruciform states ([@B6; @B7; @B8]). In such measurements, the B-DNA and cruciform states can be distinguished by their overall topology; indeed as discussed below, formation of the cruciform titrates out negative supercoils, typically causing the cruciform DNA to migrate more slowly than B-DNA during gel electrophoresis. In parallel, *in vivo* studies have suggested that the more structurally stable a cruciform, the more likely it is to be genetically unstable, for instance subject to excision as in bacteria ([@B7],[@B9]) or even responsible for genetic rearrangements in eukaryotes ([@B10; @B11; @B12; @B13; @B14]). Theoretical, numerical and experimental studies ([@B15],[@B16]) further indicate that negative DNA supercoiling *in vivo* may participate in modulating gene expression levels by driving DNA unwinding transitions in gene regulatory regions, and cruciform extrusion could participate in such processes.

On the other hand, many inverted repeats are obviously genetically stable (consider the DNA encoding tRNAs, microRNA precursors or riboswitches), and only a few clear examples of regulatory roles have been identified \[e.g. promoters of the N4 virion ([@B17],[@B18])\]. Thus, the role of cruciform extrusion *in vivo* remains elusive ([@B19]). To better understand how inverted repeats could behave under *in vivo* conditions of negative supercoiling, it is interesting to determine how their sequence and structural features contribute to the stability or instability of a cruciform structure. Here, we describe a single-molecule nanomanipulation procedure that allows us to directly monitor both cruciform extrusion and rewinding in real-time, and thus analyze cruciform stability in terms of the balance between the rates of extrusion and rewinding. This allows us to explore in detail how structural and sequence determinants of cruciforms contribute to their overall stability.

MATERIALS AND METHODS AND DATA ANALYSIS
=======================================

In these experiments, an individual DNA molecule is torsionally constrained by attaching both strands at one end of the DNA to a treated glass coverslip, and by attaching both strands at the other end to a 1-µm magnetic bead, as previously described ([@B20],[@B21]). To accomplish this, the DNA is multiply labeled at one end with digoxigenin and at the other end with biotin. The labeled DNA is then allowed to bind to 1-µm streptavidin-coated magnetic beads. The bead-DNA solution is then deposited on an antidigoxigenin-coated glass surface, and when the DNA binds to the glass surface a tethered DNA-bead system forms. The sample is placed on an inverted microscope through which bead images can be viewed and captured by videomicroscopy. The position of the bead in the three spatial directions is tracked at 30 Hz and with ∼5 nm accuracy using the PicoTwist software package. From the position of the bead above the surface, we determine the end-to-end extension, *l*, of the DNA.

A pair of permanent magnets mounted on translation and rotation stages is located above the sample and generates a magnetic field that imposes a vertical extending force on the bead and sets the bead's orientation. The extending force is increased (decreased) by translating the magnets closer to (farther away from) the sample. Rotating the magnets causes the bead to rotate in a perfectly synchronous fashion about the axis defined by the extended DNA, allowing for quantitative supercoiling of the DNA. Both extending force and DNA supercoiling can therefore be controlled in a fully reversible and quantitative fashion ([@B20]). The extending force is calibrated using Brownian motion analysis of the tethered bead, and determination of the DNAs elastic behavior confirms that a single DNA molecule tethers the bead to the surface ([@B20]).

Indeed, the mechanical and topological properties of a single supercoiled DNA molecule have been extensively studied experimentally ([@B20],[@B22; @B23; @B24; @B25]) and theoretically ([@B26; @B27; @B28]). Briefly, DNA topology is described by three numbers that reflect the number of times the two strands of DNA wind about one another ([@B29]). The twist number, Tw, counts the number of times the two strands wrap one around the other in the double-helix structure; in B-DNA, there is one unit of twist for every 10.5 bp. The writhe, Wr, counts the number of times the axis of the DNA crosses itself, in particular in the looped structures (also termed 'plectonemes') that arise as a result of DNA supercoiling and that resemble the tangles observed on a twisted phone cord. Finally, the linking number Lk is the sum total of crossings in the DNA, either by twist or by writhe: Lk = Tw + Wr. In a topologically constrained system (i.e. a closed circular plasmid or a DNA torsionally constrained in a magnetic trap), Lk is a constant, and any change in Tw must be compensated by an equal but opposite change in Wr. By rotating the magnets and thus the bead, we directly modify Lk.

Supercoiling a DNA molecule subjected to a very low extending force (*F* = 0.45 pN) rapidly causes it to form loops, or writhe, as a means of storing the topological constraint ([@B20]). It thereby adopts a compact conformation with low extension (see sketch in leftmost panel of [Figure 1](#F1){ref-type="fig"}A). Loops, and therefore writhe, can be calibrated by measuring the changes in DNA extension that take place upon supercoiling of the molecule ([@B30],[@B31]) (see [Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkr008/DC1) for an example of such calibration curves). From these curves, we determine that adding or removing a supercoil changes the DNA extension by an amount *δ* = 74 nm for the experimental conditions used here.

Thus for a negatively supercoiled DNA containing an inverted repeat, cruciform extrusion is expected to result in a large increase in DNA end-to-end extension ([Figure 1](#F1){ref-type="fig"}A). This strategy is formally identical to that used in standard electrophoresis assays to measure cruciform extrusion, and has previously been used in this single-molecule assay to study DNA unwinding in real-time, for instance during transcription by *Escherichia coli* RNA polymerase ([@B32],[@B33]). Indeed the change in twist ΔTw that occurs during cruciform extrusion must be compensated by an equal but opposite change in the writhing number, Wr, of the DNA: ΔWr = −ΔTw ([@B34]). Conversion of *N*~cruciform~ bp of B-DNA to cruciform DNA leads to a decrease in twist ΔTw = −*N*~cruciform~/*h* = −*n*~cruciform~ and an equal increase in Wr (*h*, the DNA pitch, is 10.5 bp/turn). For negatively supercoiled DNA, this results in a loss of negatively signed loops, and thus an increase in DNA extension of *δ*·*n*~cruciform~ or ∼7 nm/bp in the cruciform. It is important to note that this is a very large increase, far greater than the 2 Å decrease in DNA extension that results from removal of the base pair from the end-to-end extension of the DNA so that it may participate in the cruciform (*l*~bp~, the extension of a base pair of DNA at this low extending force, is only ∼2 Å).

The DNA constructs studied in this article include the Charomid 9-5 kb plasmid ([@B35]) (for studies of the Charomid X sequence, see 'Results' section) and the 3.7 kb pColIR315 plasmid ([@B36]) (for studies of the ColE1 inverted repeat and its derivatives). Experiments with Charomid DNA were carried out in SB solution containing 10 mM potassium phosphate buffer at pH 8.0, 0.1% Tween-20 and 0.1 mg/ml BSA, and for experiments with pColIR315 the potassium phosphate concentration was 11 mM. The extending force acting on the DNA was *F* = 0.5 pN for experiments performed in 10 or 11 mM phosphate buffer and *F* = 0.8 pN for experiments performed in the presence of 50 mM NaCl. The experimental system was thermally regulated to 26 ± 0.1°C using Pelletier modules as the rates of cruciform extrusion and rewinding were found to be highly temperature sensitive.

Data analysis
-------------

Raw data traces were filtered at 1--2 s and analyzed using in-house software to determine where transitions between the B-DNA and extruded cruciform state occurred. The low signal-to-noise ratio of the data, which results from the weak stiffness of supercoiled DNA under the experimental conditions used, can limit the effectiveness of automatic analysis, and so results of this processing were then manually verified. Typically, the mean rates were determined from analysis of at least 300 transitions (providing for a standard error of about 6% on the mean rates), and transition amplitude histograms contain at least 50 points (smaller error was achieved here due to the lower variance of the observed distributions).

RESULTS
=======

In [Figure 1](#F1){ref-type="fig"}B, we present a real-time measurement of the change in DNA extension resulting from reversible extrusion of the Charomid X imperfect inverted repeat under conditions of negative supercoiling. The time-trace shows the 5-kb DNA undergoing abrupt transitions ('hopping') between a low-extension state and a high-extension state. The Charomid X sequence responsible for these fluctuations was identified by selectively removing different regions of the Charomid 9-5 kb DNA and screening the resulting constructs for the slow, large-scale fluctuations ([Figure 2](#F2){ref-type="fig"}). The low- and high-extension states we observe are separated by a remarkably large change in DNA extension of \<*Δl*\> = 241 ± 3 nm ([Figure 1](#F1){ref-type="fig"}C), nearly 15% of the full contour length of the DNA. No such slow, large-scale fluctuations are observed if the Charomid X sequence is positively supercoiled ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkr008/DC1)). We thus estimate that when the DNA hops from the low-extension state to the high-extension state, \<Δl\>/*δ* = 3.3 units of writhe are titrated out, consistent with formation of a cruciform involving *N*~cruciform~ = 34 bp. This is in agreement with the expected size of the cruciform based on the Charomid X quasipalindromic sequence (33 bp, see [Figure 2](#F2){ref-type="fig"}C). The Charomid X sequence still undergoes these fluctuations if separated from its original flanking sequences ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkr008/DC1)). Figure 2.Single-molecule screen of Charomid 9-5 kb is used to identify the Charomid X quasipalindrome. (**A**) Screen strategy. Charomid 9-5 kb is derived from Charomid 9-11 kb by removing the 6 kb region of the plasmid, corresponding to three consecutive repeats of a 2-kb fragment ([@B35]). Then, five constructs are derived from Charomid 9-5 kb using the PCR reaction, each construct lacking a different 1 kb segment of the plasmid. (**B**) Time-traces for the five constructs described above: first level of screening. DNA constructs were unwound by *n* = −12 turns using the magnetic trap, and their extension monitored in real-time. The Charomid 9-5 kb displays the same behavior as the Charomid 9-11 kb plasmid, indicating that the repeat region is not responsible for the observed fluctuations. The Charo-S3 construct is the only one of the five constructs to lack the canonical fluctuations observed on the original plasmid, indicating that the sequence responsible for this behavior is located in the corresponding 1 kb of DNA, which is specifically lacking in the construct. Fast residual fluctuations indicate denaturation or cruciform extrusion on secondary sequences in the plasmid (**C**) Screen results. The above process was reiterated two times to narrow down the sequence responsible for the observed fluctuations. The 33-bp Charomid X sequence responsible for the observed fluctuations is a quasipalindrome, which extrudes to form a complex and unstable cruciform. A putative minimum energy fold derived from mfold for high-salt conditions (0.5 M NaCl) is presented; in the lower salt conditions initially used here, the 3-bp separating the two apical loops are unlikely to be stable at room temperature, implying that the apical loop is in fact the sum of the two smaller loops. This is consistent with the extensive amount of unwinding estimated to be present in the transition state. The mutation made to increase the loop size involved converting the G circled in red into a T, disrupting a crucial base pair for high-salt conditions but not low-salt conditions ([Table 1](#T1){ref-type="table"}).

The time elapsed before an extrusion event, *T*~wait~, and the lifetime of the extruded state, *T*~cruciform~, can be directly determined from the time-traces ([Figure 1](#F1){ref-type="fig"}B). Histograms of *T*~wait~ and *T*~cruciform~ display single-exponential lifetime distributions ([Figure 1](#F1){ref-type="fig"}D), suggesting that at the temporal resolution of the experiment (∼1 s) a single energy barrier dominates the transition between the B-DNA and cruciform states. These measurements were then repeated on DNA for different levels of negative supercoiling ([Figure 3](#F3){ref-type="fig"}A). The data show that as the DNA is progressively unwound, the cruciform state becomes more likely as a result of an increase in the rate of cruciform extrusion, *k~f~* = 1/\<*T*~wait~\>, and a concomitant decrease in the rate of cruciform rewinding, *k~r~* = 1/\<*T*~cruciform~\>. More precisely, *k~f~* increases exponentially while *k~r~* decreases exponentially with negative supercoiling as per an Arrhenius law ([Figure 3](#F3){ref-type="fig"}B). At the same time, we find that *n*~cruciform~ remains essentially constant, indicating that the size of the cruciform does not increase with negative supercoiling ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkr008/DC1)). These results imply that the cruciform is fully formed upon extrusion, and that the hairpin branches cannot be extended beyond the inverted repeats. Instead, the cruciform becomes progressively more stable with negative supercoiling, consistent with mechanical stabilization of the extruded cruciform by the torque generated by negative supercoiling. Figure 3.Kinetic analysis of cruciform extrusion and rewinding for Charomid 9-5 kb DNA. (**A**) As negative DNA supercoiling increases, progressively less time is spent in the B-DNA state and more time is spent in the extruded-cruciform state. Experiments were performed at *F* = 0.45 pN. (**B**) Free energy barrier to cruciform extrusion (blue) and rewinding (red) as a function of negative supercoiling. The barrier to cruciform extrusion decreases linearly with negative supercoiling at a rate of 0.31 ± 0.015 k~B~T/turn (B-DNA is destabilized by unwinding), while the barrier to rewinding increases linearly by 0.71 ± 0.014 k~B~T/turn (cruciform DNA is stabilized by unwinding). At least ∼300 events were measured at each rotation point to determine each mean transition rate.

This can be seen by calculating the difference in free energy between the two states, *ΔG = −k~B~T ln k~f~*/*k~r~*, as a function of supercoiling. In [Figure 3](#F3){ref-type="fig"}B, this corresponds to the difference between the blue and red curves: thus *ΔG* grows linearly with negative DNA supercoiling at a rate of about −1 *k~B~T*/turn. We conclude that in this regime torque increases slowly and linearly with negative supercoiling, even after the buckling transition. Indeed, *ΔG = ΔG*~cruciform~* + ΔG*~supercoiling~ and *ΔG*~cruciform~ is constant. Thus, the increase in free energy between the B-DNA and cruciform states can only be due to the increase in mechanical work done on the system by torque *Γ* during the unwinding of *n*~cruciform~ turns of the double helix: *ΔG*~supercoiling~* = Γ·2πn*~cruciform~. As *n*~cruciform~ does not depend on supercoiling, this implies that *Γ* increases with supercoiling. Note that this increase in torque is quite small, on the order of 0.05 *k~B~T* for every turn added. Although this slow increase in torque after the formation of DNA plectonemes has already been observed ([@B25]), there are currently no theoretical models of DNA statistical mechanics to explain this weak increase in torque occurring after the formation of DNA writhe ([@B24]).

As can be done with force spectroscopy ([@B37],[@B38]), the supercoiling dependence of *k~f~* and *k~r~* can be quantitatively analyzed to determine the ratio *n~r~*/*n~f~*, where *n~f~* is the amount of DNA unwinding separating the B-DNA state from the transition state, *n~r~* is the amount of DNA unwinding required to complete extrusion, i.e. to go from the transition state to the cruciform state and *n~f~* + *n~r~* = *n*~cruciform~ is well-determined experimentally (for details, see [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkr008/DC1) and [Figure 5](#F5){ref-type="fig"}E). We thus find for the Charomid X quasipalindrome *n~r~*~/~*n~f~* = 2.3 ± 0.1. Using *n~r~* + *n~f~* = *n*~cruciform~ = 34 ± 1 bp, we interpret this as meaning that in the transition state 10 ± 1 bp of DNA are unwound. Note that the Charomid X cruciform is predicted to have a large, weakly structured and presumably degenerate ∼12 base loop region at its apex ([Figure 2](#F2){ref-type="fig"}C). \[We further note that this result is independent of the extending force used during the measurement, as in the range of forces tested increasing the force leaves the relative position of the transition state essentially unchanged ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkr008/DC1)).\] Based on the simple two-state model the data permit for, these experiments suggest that the transition-state intermediate to cruciform extrusion corresponds to a state where the DNA is unwound only in the apical loop region of the cruciform.

To test this, we determined the effect of a single base mutation designed to disrupt the stem and increase the size of the loop (see [Figure 2](#F2){ref-type="fig"}C). However in the salt conditions previously used (10 mM potassium phosphate buffer, pH 8.0), we do not find any effect for this mutation ([Table 1](#T1){ref-type="table"}), suggesting that under these salt conditions the loop is already large enough to encompass the targeted base. Upon addition of 50 mM NaCl, however, analysis of the mutant becomes possible ([Table 1](#T1){ref-type="table"}). First, we find that the wild-type cruciform becomes slightly more structured. Indeed here the ratio *n~r~*/*n~f~* increases, implying proportionally less unwinding in the transition state and consistent with an increase in stem length at the cost of a decrease in loop length, for a constant sum of stem and loop length. This is expected for ionic conditions that stabilize base pairing. In these higher salt conditions, the mutation now causes a large decrease in the ratio *n~r~*/*n~f~*, consistent with an increase in loop size and a decrease in stem length resulting from this disruptive mutation. These experiments support the notion that disrupting base pairs involved in closing the loop affects the transition state intermediate. Table 1.Compilation of transition amplitudes and torque dependency of cruciform extrusion and refolding rates for the inverted repeats studied in this articleDNAIonic conditionsN~cruciform~ (bp)d(ln k~r~)/dn (k~B~T/turn)d(ln k~f~)/dn (k~B~T/turn)d(ln k~r~)/d (ln k~f~) = *n~r~*/*n~f~*DNA unwinding in TS (bp)WT Charomid X10 mM Phosphate buffer34 ± 1 (74)0.71 ± 0.0140.31 ± 0.0152.3 ± 0.110 ± 110 mM Phosphate Buffer + 50 mM NaCl36 ± 1 (58)0.30 ± 0.010.10 ± 0.012.9 ± 0.69 ± 1Mutated Charomid X10 mM Phosphate buffer34 ± 1 (51)0.91 ± 0.020.43 ± 0.022.1 ± 0.1111 ± 110 mM Phosphate buffer + 50 mM NaCl36 ± 1 (65)0.11 ± 0.020.11 ± 0.021.0 ± 0.2518 ± 3ColE1-5b11 mM Phosphate buffer30 ± 10.39 ± 0.051.68 ± 0.054.3 ± 0.55.8 ± 0.8ColE1-8b11 mM Phosphate buffer32 ± 10.61 ± 0.131.57 ± 0.132.6 ± 0.59.1 ± 1.5[^1]

To further test our model, we performed another series of experiments investigating the kinetics of extrusion and rewinding for the canonical 31 bp ColE1 perfect inverted repeat, a cruciform characterized by a 5-base apical loop and perfectly paired 13 bp stem ([Figure 4](#F4){ref-type="fig"}A) ([@B1]). We selected this sequence based on its perfect pairing and its reported propensity for irreversible extrusion, as it could potentially provide a basis on which to test modifications leading to reversible cruciform extrusion. Single-molecule analysis of the wtColE1 inverted repeat subjected to negative supercoiling indeed showed that cruciform extrusion was essentially irreversible, with a large increase in DNA extension during cruciform extrusion which never fully reversed. Nevertheless, the data indicate that the extruded cruciform can make attempts at refolding ([Figure 4](#F4){ref-type="fig"}B). During such attempts, the extension of the system can nearly return to that of the native low-extension state. However, these attempts are unsuccessful and do not correspond to full rewinding of the cruciform, as their lifetime, on the order of seconds, is much shorter than the lifetime of the true B-DNA state (410 ± 100 s, see [Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gkr008/DC1)). In the context of our two-state model describing the relative position of the transition state, these results suggest that the transition state to rewinding lies very close to the native state for this perfect inverted repeat. Further experiments ([Supplementary Figure S6](http://nar.oxfordjournals.org/cgi/content/full/gkr008/DC1)) show that rewinding of the cruciform can occur when the DNA is returned to *n* = −9 turns but that this is still a slow process. Thus under the conditions in which this perfect inverted repeat extrudes, it is thereafter kinetically trapped and thus not a good thermodynamic system. Figure 4.Irreversible and reversible cruciform extrusion on the wtColE1 inverted repeat and its derivative mutColE1-5b. (**A**) The wtColE1 inverted repeat forms a perfect cruciform (**B**) in an irreversible fashion under conditions of negative supercoiling (*n* = −21). Immediately after the extrusion event, supercoiling is returned to *n* = −19 rotations to favor rewinding. Despite this no complete rewinding is observed, although unsuccessful attempts at refolding are regularly observed (down arrows). (**C**) The mutColE1-5b inverted repeat extrudes into an imperfect cruciform (**D**) in a reversible fashion, allowing for statistical analysis of the kinetics of cruciform extrusion and rewinding. The increased level of noise in the extension of the B-DNA state is due to the presence of A + T-rich regions flanking the inverted repeat (see [Supplementary Figure S7](http://nar.oxfordjournals.org/cgi/content/full/gkr008/DC1)).

So as to perform kinetic and structural analysis of this inverted repeat, we first sought to introduce limited changes to the sequence that would convert the cruciform into a thermodynamically reversible system. We accomplished this by removing three bases from each stem so as to shorten each stem by a full AT base pair and generate a single base adenine or thymine bulge on each stem ([Figure 4](#F4){ref-type="fig"}C). Thanks to these modifications in the stem region, the resulting inverted repeat, mutColE1-5b, was now observed to extrude and rewind reversibly ([Figure 4](#F4){ref-type="fig"}D).

Structural analysis of the extrusion transition for this inverted repeat gives \<Δl\> = 213 ± 4 nm, corresponding to *N*~cruciform~ = 30 ± 1 bp ([Supplementary Figure S7](http://nar.oxfordjournals.org/cgi/content/full/gkr008/DC1)), in close agreement with the expected length of the inverted repeat (28 bp). From a kinetic standpoint, with this cruciform *k~r~* is again significantly more sensitive to changes in supercoiling than *k~f~*, and analysis of the rates as above gives *n~r~*/*n~f~* = 4.2 ± 0.6 ([Figure 5](#F5){ref-type="fig"}C and [Table 1](#T1){ref-type="table"}). We infer that in the transition state the inverted repeat is unwound by 5.8 ± 0.8 bp. In agreement with the simple two-state model for cruciform extrusion, this amount of unwinding in the transition state is just enough to accommodate formation of the five base apical loop of the cruciform. Note that, in agreement with previous findings, this family of inverted repeats requires the presence of A + T-rich flanking regions to extrude (see [Supplementary Figure S8](http://nar.oxfordjournals.org/cgi/content/full/gkr008/DC1)); transient unwinding in these regions is the cause of the increase in noise level in the B-DNA state and presumably allows for attempts at cruciform folding. Figure 5.Kinetic and structural analysis of cruciform extrusion in mutColE1 inverted repeats bearing (**A--C**) a 5 base loop or (**D--F**) an 8 base loop. (A) The mutColE1-5b inverted repeat is seen (B) to extrude reversibly as shown previously in [Figure 4](#F4){ref-type="fig"}. (C) The free energy barrier to cruciform rewinding (red) is more sensitive to torque than the free energy barrier to cruciform extrusion (blue), d *ln k~f~*/d *ln k~r~* = 4.2 ± 0.6. (D) The mutColE1-8b inverted repeat with an 8 base loop is seen (E) to extrude with slower kinetics than the 5-base loop. (F) The free energy barrier to rewinding is still more sensitive to torque than the free energy barrier to extrusion, but less so: d *ln k~f~*/d *ln k~r~* = 2.6 ± 0.5. (**G**) Two-state model for torque-induced cruciform extrusion. The transition-state intermediate to cruciform extrusion is formed by unwinding B-DNA by *n~f~* turns, and for complete formation of the cruciform the B-DNA must thereafter be unwound by an additional *n~r~* turns, with *n~f~* + *n~r~* = *n*~cruciform~. The relative sensitivity of transition rates *k~f~* and *k~r~* to supercoiling predicts the position of the transition state between the two states, d *ln k~f~*/d *ln k~r~* = *n~f~*/*n~r~*.

Furthermore, using a second cruciform made reversible by a separate set of destabilizing changes in the stem region, we again find the same position for the transition state intermediate ([Supplementary Figure S9](http://nar.oxfordjournals.org/cgi/content/full/gkr008/DC1)). Thus in further agreement with the simple two-state model, we find that the position of the transition state is unaffected by the position of destabilizing changes in the stem.

To see if we could quantitatively predict the structure of the transition state intermediate from the minimal two-state model, we derived the mutColE1-8b inverted repeat, for which the apical loop is three bases larger than for the mutColE1-5b inverted repeat ([Figure 5](#F5){ref-type="fig"}D--F). Structural analysis of the unwinding transition gives \<Δl\> = 233 ± 3 nm ([Supplementary Figure S7B](http://nar.oxfordjournals.org/cgi/content/full/gkr008/DC1)), corresponding to *N*~cruciform~ = 32 ± 1 bp, again in close agreement with the expected length of the inverted repeat (31 bp). For this construct, torque spectroscopy yielded *n~r~*/*n~f~* = 2.6 ± 0.5 ([Figure 5](#F5){ref-type="fig"}F and [Table 1](#T1){ref-type="table"}). We infer that in the transition state, 9.1 ± 1 bases of the inverted repeat are unwound, in agreement with the predicted size of the cruciform's apical loop. We conclude that in the transition state to cruciform extrusion only the apical loop is unwound; presumably, the stem is then poised to zip up via base pairing as in the Holliday junction ([@B39],[@B40]).

DISCUSSION
==========

Although single-molecule approaches to studying DNA cruciforms have already been described ([@B41],[@B39]), these prior studies focused on the behavior of a preexisting cruciform and did not analyze the nucleation process itself. Here, we show that it is also possible to observe in real-time the process of cruciform extrusion, as well as the reverse rewinding process. Cruciform size can be measured to within base pair accuracy, and kinetics determined to ∼1 s. The ColE1 and Charomid X cruciforms presumably begin extrusion by different mechanisms: the ColE1 cruciform requires flanking A + T-rich regions to initiate cruciform extrusion, but not the Charomid X cruciform ([Supplementary Figures S8 and S3](http://nar.oxfordjournals.org/cgi/content/full/gkr008/DC1), respectively). Thus, extrusion of the ColE1 cruciform likely depends on unwinding fluctuations in the flanking A + T-rich regions, while the A + T-rich content of the Charomid X cruciform loop region suggests that unwinding fluctuations required to nucleate the apical loop are localized within the apical loop itself. This is consistent with past studies of cruciform extrusion ([@B8]) in which the ColE1 cruciform was classified as C-type, i.e. requiring unwinding of a large flanking region to initiate extrusion ([@B42]). We here propose that the Charomid X behaves more like the S-type cruciform, as it does not require unwinding of a large flanking region to initiate extrusion.

Despite the difference in how DNA unwinding in the apical loop initiates, we find that a similar transition state rate-limits the extrusion of both Charomid X and ColE1 cruciforms ([Figure 5](#F1){ref-type="fig"}G). Although these cruciforms may depend on DNA unwinding fluctuations to initiate extrusion, it appears that in negatively supercoiled DNA this is not the rate-limiting step of extrusion. For instance, although the ColE1 palindrome requires large-scale unwinding to extrude (as evidenced by its dependence on A + T-rich flanking regions), the rate-limiting step of extrusion is the formation of an intermediate with unwinding only equal to that of the final apical loop. This supports the proposal that after initial unwinding most of the DNA reanneals but for the apical loop, and it is the subsequent formation of a four-way junction intermediate that is rate-limiting and which obligatorily precedes zipping of the stem ([@B6],[@B43]). Indeed in the high-energy state of the four-way junction intermediate, bases are unstacked and little or no base pairing takes place in the stem yet. Once the bases between the inverted repeats are unwound and the apical loop stabilized by pairing at its base, pairing in the stem can proceed and supercoiling torque drives full extrusion of the cruciform.

According to this model, the rate of cruciform extrusion is set principally by the size of the unpaired loop, while the rate of cruciform rewinding is set principally by the size and structure of the stem. For instance, the position of the transition state intermediate close to the native B-DNA state helps to explain the apparently irreversible extrusion of perfect stem--loop structures with small loops ([@B1]): these are in fact kinetically trapped.

In particular, these results help explain why certain inverted repeats can lead to genetic instability ([@B10],[@B11],[@B14]), while those that underlie functional RNA structures such as microRNA precursors or riboswitches do not. Genetically unstable inverted repeats are characterized by short loops and long stems ([@B10],[@B11]), making their extrusion frequent and their rewinding highly unlikely. The high probability of the resulting cruciform facilitates its targeting by excision and repair machineries. On the other hand, the apical loops in, for instance, structured RNA precursors are typically (but not always) quite large, on the order of \>10 bases. For the dsDNA encoding the precursor, this corresponds to a large amount of DNA to unwind, making the barrier to cruciform extrusion too high and too far along the reaction coordinate to be crossed via thermal fluctuations. This is important as the long length of the DNA inverted repeats encoding miRNA precursors (typically 20--25 bp) is likely to forbid rewinding of an extruded cruciform in the underlying dsDNA. In agreement with this, we were unable to detect cruciform extrusion in DNA inverted repeats encoding the miRNA precursors BRF1-1, BRF1-2, HSA-mir-379 and HSA-mir-1225b (data not shown).

Finally, we note that the inverted repeats studied in this work underwent cruciform extrusion at levels of negative supercoiling no more than half of what is expected *in vivo*. As we find that the rates of cruciform extrusion and rewinding vary exponentially with supercoiling, it is therefore likely that supercoiling *in vivo* may in certain cases regulate cruciform extrusion. Thus, these results may help better understand the 'genome rules' that dictate the way in which ubiquitous inverted repeats in dsDNA can evolve to generate a novel function rather than be targeted for repair.
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[^1]: For unwinding amplitudes, the number in parenthesis is the number of events used to calculate the average.
